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Soils at the Rocky Flats Plant, Colorado 
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RANIUM CONTAMINATION of several sites at Rocky U Flats Plant (RFP), near Golden, CO, is the result 
of accidental releases of contaminated oils from drums 
stored m an outside storage area. U contaminated maten- 
als bund in shallow trenches. and lurborne release of 
U isotopes An unknown amount of U contanunated oils 
leaked from the drums stored at the fanner storage site 
locally known as the 903 Pad (Fig 1) A conscrvauve 
esumate based on data from sad et al (1971) suggested 
that at least 31 kg of U were released at thls site 
Approximately 1400 drums of depleted and ennched U 
wen bund in the mound site (Fig 1) These drums were 
removed and shipped offsite dunng a cleanup operauon in 
1969 The oil bum pit was used rn 1957 and from 1 9 6 1  
to 1965 to bum 1082 drums of od contarmnaud with 
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U The oil burn pit was excavated and the drums were 
shipped offsite Large volumes of depleted U chips and 
solid and oil waste were buried in the East Trenches 
(see Fig 1) Approximately 25 OOO kg of depleted U 
chips and 125 OOO kg of sanitary sewage sludge contami- 
nated with U are buried in these trenches (Illsley. 1983) 

The Environmental Impact Statement for RFP sug- 
gested that as much as 108 O3 Bq measured as alpha from 
U-238 processing areas and 10s 18 Bq measured as alpha 
from U-235 processing areas were released to the air 
between 1957 and 1977 Advancement in air effluent filter 
technology, introduced III 1970, reduced the airborne 
ermssion of U isotopes to <1P2 Bq yr-' (Department 
of Energy, 1980) 

Despite the leakage of U-contammated oils, the numer- 
ous bunal sites of U-contaminated drums. and the atmo- 
spheric release of U isotopes. the magnitude and the 
extent of U dispersion in the sod environment around 
RFP has not previously been determined Moreover, 
there is no informauon regarding the U isotopic composk 
uon and the a d  U WnCCntrahOnS m the od that leaked 
from the barrels m the former storage site, the sarurary 
sewage sludge. and the au releases from the processrng 
areas The impact of the U releases by RFP activities on 
the sod envmnmcnt is also complicated by the natural 
abundance and vanable content of U merals tn and around 
RFP. and the close proxmty of the Schwamwalder Ura- 
nium mine (6 4 km southwest of the plant) This mrne 
is the largest vein-type producer of U ore in Colorado, 
and ranks among the six largest of this type in the USA 

The chemical toxicity of U has been a pnmary concern 
in establishing control llmits and procedures Uranium - 
is chemically toxic to hdneys, and high exposure to 
soluble compounds can result in renal injury Insoluble 
U compounds are carcmogenic and tend to concentrate 
in the lungs when inhaled, and in the bone when ingested 
(Depament of Energy, 1988) 

The goal of this study was to provide information on 
the dlstnbution of U isotopes in soils east of RFP for 
the purpose of nsk assessment This work supports the 
remedial investlgations and feasibility studies (RIIFS) at 
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RFP The objectives of t h ~ ~  study were (1) to assess the 
spaual distribuuon of U-234, U-235, and U-238 m sods 
around RFP, and (11) to d e t e r n e  the contnbuuon of 
RFP to the magnitude and extent of U 1sotopeJ m the 
sod environment 

URANIUMGEOCHE-Y 
The natural abundance of dre three primary u isotopes 

(Hessaal, 1985) ThethrsepnmaryUIsocopcsermt 
art U-234.0 005%. U-235,O 72%. and U-238.99 273% 

alpha (a) radlahon arid produce a long decay senes of 
progeny The weapon-prodwon facdity at RFP p 
cessed ennched and depleted U. The spaclfic act~vlty 
and relauve wnghu of the three sotopa m natural, 
ennched, and depleted U arc summanzed in Table 1 

The U isotopes are commonly found in rocks such 
as granite, metamorphic rocks. lignites, shales, and 
phosphate deposits (Farbndge, 1972) The most com- 
mon nunerals are ura~ll~lltc (Ua), cammtc [Kz(U01)1 
(Vodz]. and p1tchbleade ( V U I ~  Of UG) 

Table 1 lsotop~ abundances UI naturd, mrwnd, and depkccd 
U 

~~ ~ 

UNlNIYl RdDow spsifuc RcLcnr 
moDpr =e' Jctw - 

B 4-' m l y - I  

Nlmt. l  
U-234 a ow 1 1E-5 6 l E l O  
u-235 7 204 5 SE-1 3 9E-9 
U-238 992 757 1 E - 5  1 2E-S 

U-234 a 3  0 001 2 IE-8 
u-us 296 2 3 M  6 6 M  
U-238 970 1 11E-5 I l&-5 

000s 1 IM 5 SEI2 
D+-d 

U-234 
u-235 2 5  1 8E-7 4 4h10 
u-23a 9975  I 2E-s 11E-5 
Pu-239 937 91 2 29 2 15 

EMchcd 
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1 
2 
3 
A 

m 
329 9 
6494 

1020 4 
1M2 4 

0 35 
0 29 
0 39 
0 37 

-U 
2 7 1  
3U-l 
395 . . 

5 1815 0 0 33 410 
6 22033 0 33 48L1 
7 2649 6 0 33 429 - 
8 29737 038 362 
9 3386 4 0 33 494 

10 3820 6 0 37 41 1 
Thc v a r q r u n  lor U-234 elbrbrced a complete nwet eRm 

In the soil  environment, U species are found mainiv 
in three oxidation states U W ) .  U(V), and U(V1) Under 
most reducing conditions, U(W) species tend to precipi- 
tate as insoluble uraninite Under most oxiduing condi- 
tion U(V1) complexes are more stable than U(1V) and 
U(V) species An increase in oxidation state increases 
the mobility of U in the soil system (hgmuir ,  1978) 

The secular quilibnum between a radioactive parent 
(U-238) and a radioactive daughter (U-234) suggests that 
the activity ratio (AR) between these two isotopes should 
be 1 0 However, large deviations from this activity 
ratio have been reported in soils, surface water, and 
groundwater (Osmond and Cowan. 1976, Laul and 
Smith 1988) Selecuve leaching, diffusion. and alpha- 
recoil mechanisms were proposed to explain the higher 
mobility of U-234 compared with U-238 in different 
media 

The historical releases of depleted and ennchcd U 
providd an excellent opportunity to use the AR concept 
to ascertain the impact of RFP activity on the soil environ- 
ment Hence, the spatial analysis of U in soils included 
measurement of the three natural occurnng isotopes, and 
analysis of their ratios 

METHODS 
Field Sampling 

The sampling protocol for U 234 b 235 and U 138 activi- 
ties in soils around RFP followed the rationale and densitv of 
sampling as descnbed for Pu-239+ 240 in soils (Litaor 1995) 
The sampling protocol requires 25 equally spaced subsamples 
to be composited within 4 05- or 1 01-ha plots for U isotopes 
analvsis The soil at each individual location was sampled wrth 
a Colorado Department o f  Health (CDH) sampler The sampler 
was designed to obtain a sample from the soil surface to a 
depth o f  6 4 mm, and from an area SO mm wide by 60 mm 
long Sampling of the top 6 4 nun of the soil may be dfficult 
especially in stony soils The use of  this technique was advo- 
cated by CDH because o f  the semiand conditions in castern 
Colorado that increased the potential for wind-resuspension 
and subsequent inhalation of soil panicles containing U from 
the topsoil The southwest comer of each plot was located by 
survey and identified with an appropnatcly marked steel post 
The 25 subsamples for the composite sample were located 
with a hand-held compass and tape measure using the south- 
west comer as the starting point Eighty-four 4 05-ha plots 
and 34 I 01-ha plots were sampled for a total of 118 plots 

The most common soils in the study site were rcantly  
(Fig 1) 
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classified as Cumulic Haplustolls AridK Arpiustok Pachic 
Argiustolls Torrenic Haplustolls Tomfluventic Haplustolls 
Vertic Ustochrepts Typic Usufluvents and Aridic Haplustalfs 
(Litaor et a1 1994) 

Laboratory Analps  
The U isotopic actlviry in the sod samples was measured 

bv alpha spectroscopy in several commercial laboratones 
These laboratones reponed U-234 as U-233 +234 However 
the natural occurnng isotope U-234 is the dominant component 
especially in RFP where U-233 has been scarcely used The 
soil samples were digested using a microwave dissolution 
procedure (Lamothe et al . 1986 Fischer, 1986) Each sample 
was d~ssolved and digested twice with 10 mL of 8 M HCl 
The U isotopes in thc samples w e n  separated from Po bv 
spontaneous deposition on a copper disk, from Th and Pb bv 
amon exchange column in highly acidic solution (8 M HCI) 
and from Fe by amon exchange column in 8 M HNO, solution 
The U was eluted from the m o n  exchange column with an 
acidic solution (I e . pH = 1)  and the sample was electroplated 
for alpha spectrometry 

Data QunlltY 

Duplicate s o i l  samples were collected systematically across 
the study site Precision was quantified by calculaung the 
relatlve percent dffercnce (RF'D) A control Ilmit of &35% 
for the RPD rn laboratory duplicate analysis was recommended 
by the laboratory data validauon guideline drafted by USEPA 
in 1988 There is no established cntena for the overall soil 
sampling and laboratory precision analysis This is because 
of the large vanablliry of metais distnbutlon in sods Indeed 
the RPD values for all duplicate samples ranged from 2 42 to 
17 86% It should be noted, however that the highest value 
m each duplicate samples was used in this study 

Geostatlstical Approach 
The first step taken in modelling the spatially correlated 

data was to ascemn the data dstnbutlon and m i n i m  the 

spread of the data using appropnate transformations A rnov- 
inp-window statistical algonthm was used (Murray and Baker 
1991) to assess the heteroscedasticity (unequal variances in  

conditional distnbutions) of the data The expenmend xmiva 
riogram calculations and the best-fit model were developed 
using GS+ software (Gamma Design 1991) and GEO-EAS 
program (Englund and Sparks 1988) for simple and ordinarv 
knging and G S U B  for the indicator vanogram (Deutsch and 
Journel 1992) Cross-validation analvsis and simple and ordi- 
MIV knging computations were performr$ using the GEO-EAS 
program The universal kriginp for three orders of dnh was 
computed using a modified UVKELK algonthm onginally 
descnbed by Carr (1990) The modification included universal 
block knging five different tvpes of semivanogram models 
and enhancements of input-output options 

The mean square error (MSE) summary statistic was used 
to descnbe the bias and the spread of the error distnbution 
(Bregt et al , 1991) The MSE from the kriging estimates was 
defined as 

n 

MSE = l /n [z, - [11 
, - I  

where :, is the observed value and i is the estimated value 
The knping technique that gave the lowest MSE the most 
evenly distnbuted ermr map and the smallest Scatter of the 
observed vs the estimated plot was used for U isotopic estima- 
tion 

RESULTS AND DISCUSSION 
UrarUllm-234 

Uranium-234 activity in soils around RFP ranged from 
25 9 to 92 8 Bq kg-', with a mcdian activity of 44 4 
Bq kg-' Most spaual esumauon techniques perform 
better if the distnbution of data is close to a normal 
dismbution The data were transformed uslng a In(Y1) 
function, however, there was little improvement in the 
measures of spread (e g . skewness, see Table 2 and 
Fig 2) Because the natural log transformation of the 

RSSt 
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U-234 data did little to reduce the measures of spread 
the nonparametncamedian indicator vanogram discussed 
by Isaaks and Snvastava (1989) and Deutsch and lournel 
(1992) was used to assess the spatial distribution of 

A spatial structure was not observed with the U-234 
data (Table 2). hence, a spatlal estimation was not per- 
formed and an isopleth map of U-234 was not produced 
The lack of spacial structure suggests that U-234 IS ran- 
domly distributed in the sod environment east of RFP 
This randomness reflects inherent irregular vanation of 
U-234 dispersion in the soil drat cannot be predicted by 
this sampling method Alternatively. it may represent 
the variability between sampling plots at distance less 
than that actually used, or samples collected from differ- 

U-234 

ent populations (natural vs impacted due to RFP actib- 
1 ~ )  On the basis of the available intomarion (Table 2 )  
the contrtoution of RFP to the acriviw of U-234 in these 
soils Has  negligible 

Uramum-235 
Uranium-235 activiry in soils around RFP ranged from 

0 1 to 25 1 Bq kg-' with a median activity of 1 8 Bq 
k g - '  The dam were transformed using a In(Y1) function 
that reduced significantly the skpwness and kunosls (Ta- 
ble 3 and Fig 2) A moving-window analysis showed 
that the uindow standard deviation of the transformed 
data of U-235 and U-238 increased slightly with increas- 
ing window mean Thus, a universal kriging procedure 
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that can generate good local estimauon in the presence 
of a trend was employed 

Uranium-235 was best described by an exponential 
model that had the lowest reduced-sum-of-squares and 
the highest correlation coefficient of all models tested 
(Table 3) Third-order universal kriging gave the lowest 
MSE value for U-235 data, followed by simple and 
ordinary krigmg (Table 3) The difference in MSE be- 
tween universal knging and ordmary knglng was falrly 
small and, except for two pairs of observed vs estunated 
values. the scatter of the knging error was the same 
On the basis of the MSE value, the universal knging 
with cubic dnft was used to estimate U-235 activity m 
soils around RFP 

The third-order universal knging was performed using 
the lognormal data for U-235 Transforming the loganth- 
mic knging estmates back to the o n g d  scale gave 
esumates of median acuviues Thus, to back-transform 
the data to the onginal umt of activities 111 terms of mean 
activities. the following quauon was employed (Gdben 
and Simpson, 1985) 

(21 z, = e''r'+'Rd2LI 

where z, is the back-transform value for a given site, y, 
is the log-knged esumate. and a'ki is the kngmg vanance 
of the log-transformed data 

The resuitmg U-235 contour map (Fig 3) docs not 
show the Same clear west-cast pattern of dispersion as 
those for Pu-239+240 and Am-241 (Ltaor, 1995) The 
activity of U-235 was locallred, approxrmately 500 m 
east of the industnal Secuon of RFP (Fig 3) There was 
no clear relauonship between the vanous sources of 
U-235 contammation considered in the present study 

Table 4 Ccostatistical uarametera of U-238 

(I  e bund trenches and the leaking drums site see Ftg 
1) and the spatial panem of the U-235 isopleths 

The two soil plots with the highest U-235 activity 
(Fig 3)  were probablv resulted from surface flow and 
intedow from the east spray field (see Fig I )  The east 
spray field received large amount of imgatron water 
from a series of holding ponds that between 1952 and 
1979 received laundry waste water containing actinides 
Surface flow and interflow from 9 east spray field was 
observed in the vicmity of these plots (J P Koffer. 1994. 
personal communication) Moreover, ephemeral wetland 
and seeps also resulted from this practice The level of 
U-235 in the imgation water is unknown. however. 
small amounts of U-235 were observed in sedunent and 
surface water collected from these holding ponds in 1992 
(Efurd et a1 1993) It was hypothesued that the small 
amounts of U-235 in the ponds water were reconcentrated 
on the soil surface of these two plots through the contznu- 
ous imgation and subsequent evapotranspiration 

Ura~uurn-238 
Uranium-238 activity in soils around RFP ranged from 

30 7 to 286 Bq kg-' ,  with a median activity of 44 4 Bq 
kg-' The data were transformed using a In(Yi) function 
that only slightly reduced the skewness and kurtosis 
(Table 4 and Fig 2) Hence, the traditional vanogram 
and the nonparametnc median indicator variogram 
(Deutsch and Joumel, 1992) were used to assess the 
spatial distnbution of U-238 

Uranium-238 was best dexnbed by a sphencal model 
that had the lowest reduced sum of squares and the 
hqhest correlation coefficient (Table 4) In contrast to 
U-235, simple and ordinary knging (with traditional and 

haunary SOMU (n = 118) 
aq LE-' ln(Q W') Bs kg-' Ln(W ks-9 

Lowat V d u c  29 6 3 4  7sth 8 629 4 1  
25th 8 407 3 7  Hlghac V-ahle 284 9 5 6  

V- 370 3 6  Kurtoar 843 6 6 7  
Mcdun 444 3 7  skcmesr 148 0 4 9  

hWulog.rn8admodd- 

h3d.r Mcra d&mna !hmhnmx Pam 

1 3954 0 030 73 
2 7979 0 034 343 
3 I337 4 0 oss 460 
4 I= 0 0 070 350 

6 m 4  0 071 392 
7 328l9 0 078 434 
8 375s 7 O W  487 
9 42a.3 0082 47 I 

S P M  001. 007 2100 

w 
W-YkmnE 0 10 
Sunpk k n p g  0 10 
u- LngalW = 1) 0 9  
unmnrllvignll(k = 2) 0 10 
uanaplkneinll(L - 3 )  0 IO 

t Rss = rrduccd .urn of rpuuo. 

m 

S 2219 2 0 073 451 

10 4734 1 0068 414 

Nlrlp( Sill R.nScm 

Mum rqwrc emu 0 of tbe &c a PmcCQlcr 

t k repruenu orda of drift. 

RSSt 
0 0003 
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median indicator vanogram) gave the lowest MSE value 
for U-238, follo\yed by third-order universal hg ing  
Cable 4) Ordinary hie ing was performed using the 
lognonnal data for U-238 Back-transformation of the 
data to the onginal unit of activity before the map con- 
struction was performed using Eq [3] The resulting 
U-238 contour map (Fig 4) does not show a clear west- 
east dispersion pattern like those of Pu-239+240 and 
Am-241 (Litaor. 1995) The highest observed activities 
of U-238 were found around the former storage sIte 
(Fig 4). however, these values did not extend beyond 
the immediate viciruty of that site Plutonium-239 +240 
activity in the soil just east of the storage site was at 
least 200 times higher than U-238 activity, although at 
least 31 kg of U-238 were released compared with only 

86 g ofpu-239+240 (see Seed et a1 197 1) This dispar- 
1ry resulted from the relative shon half-life of Pu-239 
( r l r z  = 2 41 x 101 yr) compared with U-238 ( f , ?  = 
4 47 x IO9 yr) A comparison between the specific and 
relative activitv of PU-239 used in RFP and U-238 clearlb 
demonstrates the difference betu een these isotopes on 
activity basis (see Table 1 ) However the complete lack 
of similariry in the spatial distribution across the soilscape 
near the former storage site could be explained by funda- 
mental differences in solubiliry characteristics of these 
radionuclides that in turn affects their mode of disper- 
sion in the environment Plutonium is largel) insoluble 
in the soil environment hence upon removal of the 
drums during the cleanup operations the impacted area 
became suscepuble to wind and surtace erosion Conse- 

Cdorodo 
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TaMe 5 Phvucai mad c h t n u d  attnbuta of selected soils near the former storwe a t e  
- 

4 850 83 0 9 5  7 3  
5 430 9 0 4  
8040 5 4 0  

32 4 12 800 4 8 1  5 4  
4080 '63 2 10 1 

3 6  
26 5 
4 6 5  
267 

9 9  
3 6  

19 4 

17 7 

4 0  
19 5 

1 
I 
1 
1 

291 

Rt-7 
0-2 A 
2-13 6 6  C 

13-39 1 3  2Bwb 
6 6  39-84 2Btb 

2BklIb &(+ 8 1  

1 0  57 
9 
4 
2 
1 

83 1 8 3  86  
8 4  

4 950 
6 9  t u 7  5 2M 

19 8 14 6 6560 65 6 
2 6 0  4 8 5  2s s 4 330 
2 2 6  61 3 10 2 1880 

81 3 5 3  13 3 5000 

1 11 6 
17 8 1 
23 1 12 
25 4 242 
IS 7 369 

TI 11 2 

24 
13 
39 
45 
10 

1 

Rt-8 
0-3 7 7  A 
3-16 8 3  C 

8 3  2Bwbl 16-32 
8 2  2Bwb2 32-50 
8 1  2BmkIM 50-105 

2cklIb 105 + 8 2  
Rrr 1-5 n KS 

an h-' 
A 0-18 25 1 3 9  f 5 6  
Bt 300-55 19 4 0 f 4 0  

* The onpod t o p d  was rcmovcd bv u) urth grader dumg the &mup opcrptmonr ui 1969 The entuc .M w8s covered by & u v d  sand on wtuch the 
A and C boruonr arc Eumntly developed 

, PIT s 
Etev l 1~20  1 rn 

PJ-2391 77589 
Aw-241 26122 
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quently, Pu panicles entrapped m the fine fracuon of 
the topsoil were airlifted by winds and subsequently 
deposited across the soilscape cast of the former storage 
area In contrast, under the pH and alkalinity conditions 
of the sod adpcent to the former storage site, UWI) 
may form complex ions with carbonates and mgrate 
downward m the soil column Indeed, Seed et al (1971) 
idenufied four hoz  spors below the asphalt cap that has 
been placed over the enure area of the former storage 
site They retncved >31 kg of U below thls cap Most 
of the U was concentrated above the B honzon located 
IS  to 40 cm below the onpal ground level 

The U-beanng solvents that leaked from the barrels 
infiltrated through the A and Bw honzons, but were 
retarded by the 2Btb honzon due to its hgher clay content 
(Table 5). and the 2BmlrlM honzon because of its 
lmpermeable structure Saturated hydraulic conductivity 
data taken from five pits at a nearby site (Pits 1-5, see 
Fig 1) showed that the conductivity of the A hornon 
was significantly greater than that of Bt honzon (Table 5) 
Increased clay content with depth decreasad the hydraulic 
conducuvity m the soils These flow codiuons facllitated 
the transport of U through the surface honzons but 
greatly restncted the transport to greater depths (>I m) 
The mobility of U was probably further rcstnctcd due 
to sorption of U by the sesquioxlda and CaCOs mnerals 
Because of the solubility and mgratory behavior of U 
in the soil system, little U was entrappad m the fine 
particles of the topsoil Hence, wmddspersal mecha- 
nisms did not rntluence the spatial distnbution of U 
isotopes across the soilscape east of  the former storage 

TO test the solub~lity-transprt lnecbmm, ptopostd 
for the U isotopes and compared wth the winddlspersal 
mechanism proposed for dispersion of Pu-239+240. 
eight pits were excavated east of the former storage 
area (see Fig 1) and analyzed for the acuvity of these 
actmides The amvity of R1-239+240 and Am-241 in 
the top 9 cm of the soil was highly dependent on the 
position and alotude across the toposequence (Fig 5) 

site 

The highest activity of Pu-239 +240 was observed m- 
diateiy east of the former storage site, followed by the 
sod pit below the topographic break of the alluvial terrace 
on which the former storage area was located A profound 
decrease m Pu-239+240 and Am-241 was observed 
along the 150 m transect (Fig 5) This trend demonstrates 
that the activity of Pu-239+240 and Am-241 m the soil 
environment is highly dependent on elevation, distance. 
and direcuon from the former storage area This spud 
distnbution could only be explained by a wmd dispersal 
mechanism On the other hand, U isotopic activiues were 
randomly distnbuted in these pits with no relatlonship 
to geomorphic parameters (I e , distance, elevauon. and 
direction from the former storage site) This finding 
strongly supports the hypothesis that U solubllity and 
rmgration charactenstics murlmlzed U dispersal by wmd . across the soilscape east of the former storage area 

Isotopic Ratlos 
The natudly occumng U-235 and U-238 are long- 

lived isotopes (tin = 0 71 X-109  yr and 4 47 x 109 
yr, respecuvely) formed in a pnmary stellar nuclear 
synthesis process The rmnor difference m mass between 
U-235 and U-238 precludes significant isotopic fracuon- 
ation effects by natural processes. and the U-235/U-238 
abundance ratio is everywhere the same, 0 045 Indeed, 
Rosholt et al (1966) found that the isotopic rauo of 
U-235/U-238 was constant, regardless of sampling iuca- 
tlon, rock type, and degree of weathcnng Hence, any 
deviation from 0 045 attests to a soil impacted by human 
activity The scatter plot of U-235/U-238 ratio agmnst 
U-238 activity (Fig 6a) indicates that some of the soil 
samples were affected by enriched U-235 However, the 
large analpcal error associated with the detemnation 
of U-235 in soils (not shown) made the interpretation 
of the U-235/U-238 ratio and its spattal distnbution 
difficult 

The third naturally occumng U isotope, U-234. I 

relatively short-lived (rln = 248000 yr) It is a decay 
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Table 6 8.ckgrouad .clivitKs of Ll sotopa in soils 

Uranium sotopes samples Range and SD 
No of Anthmctic mUn 

Bs kg-' 
us  avgt 

C Q I O d O t  

Rock Creek$ 

U-238 35s 4 4-140 3 7 0  2 3 0 7  

U-238 32 17 3-111 4 4 4  i 336 

U-238 21 29 6-56 4 1 6 2 7 3  
2 0 2  1 3  u-us 21 0 4-5 

U-234 21 28 5-54 4 1 9 2 6 4  

t Sutuner were ulccn Irom Mvndr e~ al (1983) 
$ S u h m a  compikd &om a Rock Cralr m d v  wen of RFP (see Flg 1) 

d e d  to be dd kom RFP aulvity 

product of U-238, through a sequence of intermediate. 
short-lived radionuclides, Th-234 and Pa-234 Hence. 
the abundance of U-234 KI the s o i l  system is detennined 
by the amount of U-238 As discussed earlier. secular 
qullibnum predicts an activity ratio (AR) of 1 0 for 
the two isotopes Large deviations from this AR were 
observed KI stream and groundwaters in many locauons 
around the world (Osmond and Cowan 1976 Laul and 
Smth, 1988) The vanations KI U-234/U-238 rauo found 
in the soils under study were well within the naturdly 
occumng range of vanation (Fig 6b) Thus, the U-2341 
U-238 rauo cannot be used to ascertain the unpact of 
RFP acuvity on the sod system 
In conclusion, results of the current study rndicate that 

the spatla1 dismbuuon of U isotopes across the sodscape 
east of RFP is localrzed and does not follow the west- 
cast plume observed for Pu-239 + 240 and Am-24 1 Ura- 
nium-234 is randomly dismbuttd m the soil environment 
The observed acuviues of U-234 and most U-235 were 
well whin the ~ t u r a l  range of U isotopes in sods (Table 
6)  Umum-238 showed only a l o c a l d  spat& pattern 
and most of ~ t s  observed actzvity lies well wntun the 
natural levels of U In sods (Table 6) These results 
suggest that the unpact of RFP on U distribuuon in 
surficial soil IS lmted Hence. future rcmedlal acuvitres 
of U-isoropes in sods should focus on the &rectly m- 
p a c a  arcas such as the East Trenches, the former storage 
site, and the few plots with elevated (I e , above back- 
ground) U acuviues 
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